Rotationally resolved photoelectron spectra can provide significant insight into the underlying dynamics of molecular photoionization. Here, we discuss and compare results of recent theoretical studies of rotationally resolved photoelectron spectra with measurements for molecules such as HBr, OH, NO, N2, CO, H20, H2CO, and CH3. These studies reveal the rich dynamics of quantum-state-specific studies of molecular photoionization and provide a robust description of key spectral features resulting from Cooper minima, autoionization, alignment, partial-wave mixing, and interference in related experimental studies.
INTRODUCTION
Rotationally resolved photoelectron spectra can provide significant insight into the underlying dynamics of molecular photoionization, one of the simplest of molecular fragmentation processes. As in all fragmentation processes, determination of the final state distributions of the fragments provides a window on the electronic and nuclear motion of the collision complex responsible for the asymptotic fragment distributions. In photoionization, the collision complex consists of the photoelectron and ion core at short range, and rotationally resolved photoelectron spectra hence serve as a probe of electron-core interactions at short range. In addition to providing such fundamental insights, these quantum-state-specific photoelectron spectra have clear implications for studies of intramolecular relaxation processes, of elemental clusters, of weakly bound molecular complexes, and of state-selected ion-molecule reactions (1) .
Conventional photoelectron analyzers have been used to obtain rotationally resolved photoelectron spectra for light systems such as H2 (2-4), D2 (5, 6) and for high-J levels of excited electronic states of NO 9), NH (10, 11) , OH (12) , and SH (13) , where the large rotational spacings make such measurements possible. These resonance-enhanced multiphoton ionization (REMPI) studies of NO, NH, OH, and SH (7) (8) (9) (10) (11) (12) (13) have, in fact, provided rotationally resolved photoelectron spectra for single rotational levels of excited electronic states. With the recent development of zero-kinetic-energy (ZEKE) photoelectron spectroscopy (1, (14) (15) (16) (17) (18) , based on the detection of photoelectrons produced by delayed pulsed-field ionization (PFI) of high Rydberg states lying below an ion threshold, however, it is now possible to exploit, the narrow bandwidth of laser radiation to routinely achieve subwavenumber resolution in cation distributions. With its unprecedented resolution, this technique has already found many new and exciting applications in physical chemistry (14) . Laser-induced-fluorescence (LIF) detection of photoions can provide even higher resolution than energy-resolved photoelectron studies and has been used to determine the populations of individual A components of rotational levels of the ion (19) .
To date, studies of rotationally resolved photoelectron spectra have mainly focused on the threshold or near-threshold regions. Extension of such studies to higher photoelectron energies can provide valuable insight into the dynamics of molecular photoionization. Constraints on the energy range accessible with lasers and resolution limits for high-energy electron detection restrict photoelectron studies to the near-threshold region. However, detection of dispersed fluorescence from excited photoions can provide ion rotational distributions deep into the ionization continuum (20) . Because fluorescence is observed, the detection bandwidth is uncoupled from, and therefore not limited by, the excitation bandwidth, thus making it possible to exploit the broad tunability of synchrotron radiation. This strategy significantly expands the range of possible studies into photoionization dynamics. For example, ion rotational distributions for photoionization of Nz and CO have been measured for photoelectron energies up to 200 eV above threshold (20) . These studies demonstrated that the energy dependence of the ion rotational distributions can indeed extend to high photoelectron energies and that the photoions retained significant www.annualreviews.org/aronline Annual Reviews alignment, implying that the molecular character of the ionization dynamics persists at such high energies.
REMPI, coupled with high-resolution photoelectron spectroscopy, and ZEKE photoelectron spectroscopy have been used to obtain rotationally resolved photoelectron spectra for a wide range of molecules (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . These rotationally resolved studies have highlighted significant spectral features, such as the dependence of photoelectron angular distributions on rotational levels (4, 9), rotational propensity rules (8, 9, 18, 19) , parity selectivity in transitions involving electronically degenerate states (3, 8, 18) , autoionization (6, 21, 22) , effects of alignment (23) , and the influence of Cooper minima (10) (11) (12) 20) and shape resonances (20, 24) on distributions. On the other hand, progress in related theoretical studies of such spectra has been more limited (25) (26) (27) (28) (29) (30) . A quantitative description the underlying dynamics of rotationally resolved photoelectron spectra can clearly be expected to present new theoretical and computational challenges.
In this article we review the progress we have made in our theoretical studies of rotationally resolved photoelectron spectra of several diatomic and small polyatomic molecules. We choose not to give an exhaustive review of all the systems and features we have studied. Instead, after a brief review of the theoretical framework and computational approach employed in these studies, we discuss a few selected examples that illustrate central underlying dynamical issues in rotationally resolved photoelectron spectra, such as strong ~ mixing in molecular photoelectron continua, parity selection rules, and Cooper minima. These examples include spectra at low photoelectron energies resulting from (2+ 1) REMPI of single rotational levels of HBr and OH; ZEKE photoelectron spectra for singlephoton ionization of jet-cooled ground state NO, CO, H20, H2CO, and CH3 by coherent VUV radiation; and N2 and CO ion distributions at very high photoelectron energies that have been studied by dispersed fluorescence from excited photoions (20) . These studies highlight the rich underlying dynamics of quantum-state-specific molecular photoionization and provide a robust description of key spectral features in the measured spectra.
THEORY AND FORMULATION

(n + 1') REMPI for Linear Molecules
ROTATIONALLY RESOLVED PHOTOELECTRON SPECTRA The general theory of molecular photoionization processes used in these studies has been discussed previously (31) . Here we present just a brief outline of some essential features of our approach, as used to obtain rotationally resolved photowww.annualreviews.org/aronline Annual Reviews electron spectra. Where appropriate, we note conditions that apply to single-photon ionization. In an (n + 1') REMPI process, the resonant intermediate state is created by absorption of n photons from an initially unaligned (all Mj 0 levels equally populated) state. This aligned state (levels with different IMj, I values have different populations) is subsequently ionized by absorption of another photon. The photon energies of the excitation and ionization steps of REMPI may differ from each other in a two-color experiment. Under collision-free conditions, ionization out of each M~0 sublevel of the initial state forms an independent channel for linearly polarized light. The differential cross section for photoionization of the resonant state by a single photon can then be written as
where a is the total cross section, fl2L the asymmetry parameters, and P2L (COS/9) the Legendre polynomials. The total cross section tr and asymmetry parameters fl for ionization of a Ji level of the resonant or initial (n = 0) state can be written as (32) 
where ~ is an angular momentum component of the photoelectron and rn its projection in the laboratory frame. In Equation 2, I C~,,(M~,M.,+)I 2 is the probability for photoionization of the M.~, level of the resonant or initial state leading to the Ms+ level of the ion. In Equations 2 and 3, PMjM~, is the population of a specific Ms, level in the optically aligned resonan{ state. For single-photon ionization processes (n = 0) PMjMj is the population of the unaligned o levels oftheinit ial state. In th~ c'ase of REMPI, we limit our discussion to the n = 2 case, i.e. (2 + 1') REMPI processes. For the low intensities of interest here, for two-photon excitation has the general form www.annualreviews.org/aronline Annual Reviews
where ~" is a normalization constant, Jk is the total angular momentum of a dipole-allowed virtual state lk), and Bk is related to the rotational line strength (33 , r~U(R) is the photoelectron matrix element, and Ie~u is the vibrationally averaged photoelectron matrix element between the resonant state and the photoelectron continuum wave function.
PHOTOELECTRON MATRIX ELE~NT A central quantity in these studies is the matrix element for photoejection of an electron from a bound molecular orbital ~ into a photoelectron continuum orbital W~)(r). Here k the momentum of the photoelectron and (-) denotes incoming-wave boundary conditions. For linear molecules, the partial wave components 7~ of W~i)(r) are defined by an expansion in spherical harmonics about of the photoelectron }~(r) ~ ieO~;~(r) Y~(~).
11.
m Single-center expansions of O~2~(r) and ~(r'), define partial wave photoelectron matrix elements r}X"(R) in the molecular frame for ionization of orbital ~(r'), i.e.
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where R denotes a dependence on internuclear distance, /~ is the light polarization index in the molecular frame, ~m2 is the rotational matrix in Edmonds' notation (36), 2 is the projection of Y in the molecular frame, and ~kke~, is a partial wave component of the photoelectron orbital (31) with AN= N+-Ni. For a E-E transition, Equation 15 reduces to AN+~ = odd (40) .
Ionization of Asymmetric Tops
ROTATIONALLY RESOLVED PHOTOELECTRON SPECTRA The formulation for rotationally resolved photoelectron spectra of asymmetric tops is basically the same as that for linear molecules. The coefficients Cem(Mj,Mj+) of Equations 2 and 3 for asymmetric tops with CEv molecular symmetry have the form (41) www.annualreviews.org/aronline Annual Reviews
6.
18.
and~(
where y is one of the irreducible representations (IR) of the molecular point group; ~ is a component of this representation; h distinguishes between different bases for the same IR corresponding to the same value of~'; ~ = K,-K~; K~ and K~ are the projections of the total angular momentum along the a and c axes, respectively; b]~,a are the expansion coefficients; and the amx coefficients are determined by diagonalizing the rigid rotor Hamiltonian in a basis of symmetric top eigenfunctions.
PHOTOELECTRON MATRIX ELEMENT For asymmetric top molecules, the partial wave componentst*kh~m*l~(-)Y'~ of I~'t~,~)(r) are similarly defined by expansion in generalized harmonics about 1~ of the photoelectron
W~,i ~(r)
.e {-~r~,~, =~. t ~PkhO-(r) Xh( m (k).
20.
With single-center expansions forFkh:mll"(-)Tz['~.l.I and ¢~'~'(r'), partial wave photo7z electron matrix elements rh:~,(R) in the molecular frame for ionization out of orbital ¢~'~'(r') are given by (41)
Fh~z,,(R ) ~, ( g~h,rz(k, r, )Xh c,~(r )[ r ~(r)1¢~
:o(r , R )XZ;~,Zo( e') >.
2!.
Note that while : ~ :' terms arise in both Equations 13 and 21, owing to the nonspherical potential fields of molecular ions, for nonlinear molecules, coupling of the projections of angular momenta along appropriate axes can become pervasive.
PARITY SELECTION RULES Here we choose a left-handed coordinate system for the molecular internal x, y, and z axes with the molecular z axis as the symmetry axis. With the symmetry properties of the asymmetric top (41), it can be shown that AK~ is even (odd) when AN+Ap is even (odd). t/is the principal axis lying along the molecular x axis, and the K, is the projection of the total angular momentum along this axis. Thus we have the selection rule (41)
22.
The selection rules also depend on which principal axis coincides with the molecular z axis. With the properties of 3-j symbols, Equation 16 provides additional selection rules (42): To relate the selection rules of Equations 22 and 23, a relationship among AKa, AKb, and AK~ is essential. This relationship, which can be obtained from the symmetry properties of an asymmetric top (42),
Determination of/~ ÷ 2 now becomes a critical step in application of these selection rules. Whereas Equations 22-24 are suitable for any nonlinear polyatomic molecule, # ÷ 2 must be determined specifically for a given molecular symmetry.
Ionization of Symmetric Tops
The C¢,~(M~,M~÷) coefficients of Equations 2 and 3 for symmetric tops such as CH3 have the form (43) www.annualreviews.org/aronline Annual Reviews
25.
Note that no parity selection rules relating Ap, AN, and d are obtained for photoionization of symmetric tops, since the partial wave components of each electronic continuum have different phase factors (43) . However, Equation 25 does reveal that/t + 2 ---_ AK and p + 2 = + (K+ + K3.
Computational Procedures
In applications of our procedure to REMPI of Rydberg states, we use the improved virtual orbital (IVO) method (44) to obtain the wave function of the resonant state. For single-photon ionization, we assume a selfconsistent-field wave function for the ground state of the molecule. For the final state we assume a frozen-core Hartree-Fock model in which the photoelectron orbital is obtained as a solution of a one-electron Schr6-dinger equation containing the Hartree-Fock potential of the molecular ion.
To obtain the photoelectron orbital, we have used an iterative procedure, based on the Schwinger variational principle (31) , to solve the Lippmann-Schwinger equation. This procedure begins by approximating the static-exchange potential of the ionic core by a separable potential of the form www.annualreviews.org/aronline Annual Reviews U(r, r') = ~ <rlUl~i>(U-l)ij<~jlUIr'>, 26 .
where the matrix U -1 is the inverse of the matrix with the elements (U)ij = (o~i[ U I~j) and the ~'s are discrete basis functions such as Cartesian or spherical Gaussian functions. U is twice the static-exchange potential with the long-term Coulomb potential removed. The Lippmann-Schwinger equation with this separable potential U(r, r') can be readily solved and provides an approximate photoelectron orbital ~b~k°) . These ~b°) can be iteratively improved to yield converged solutions to the Lippmann-Schwinger equation containing the full static-exchange potential. A few iterations of this variational method provide highly converged solutions for the molecular photoelectron orbitals.
RESULTS AND DISCUSSION
(2+ 1) REMPI of Linear Molecules (HBr and
As a first example, in Figure 1 we compare our calculated ion rotational distributions for HBr ÷ in its X 2II~/2 ground state for (2+ 1) REMPI via the S(2) branch of the F ~A2(5pr0 Rydberg state (45) with the experimental data of Xie & Zare (19) . Our studies of these spectra were motivated measurements of the populations of the individual parity components of each ion rotational level by laser-induced fluorescence (19) . These spectra show a strongly (-) parity-favored ion rotational distribution for photoionization of the (+) parity component of the Ji --4 level of the 5pn Rydberg orbital of the F ~Az state, which has about 97% p character. These (-) parity-favored ion distributions can be readily understood on the basis of the parity selection rules of Equation 14 and the dominance of the photoelectron matrix element by its 1 = 0 and l = 2 components for photoionization of this 5pr~ orbital. However, the most striking result is that in addition to the dominant population seen in the (-) parity components of the A doublet of the ion rotational levels, about 20% population is observed in the (+) parity components that cannot be accounted for the basis of atomiclike behavior. Earlier theoretical studies of these ion rotational distributions had predicted extremely small populations for the (+) parity levels (46). Autoionization was subsequently proposed possible underlying mechanism responsible for the population observed in the (+) parity components of these ion rotational levels (46) . Figure 1 shows our calculated spectra (45) for photoionization of the optically aligned Ji = 4 level [via the S(2) branch], and an unaligned J~ = level, along with the measured spectra (19) . The agreement between the calculated and measured ion distributions is excellent. Note that, on the www.annualreviews.org/aronline Annual Reviews basis of selection rules, the 20% population seen in the (+) parity component (cross-hatched bars) of the A doublet is due to odd partial wave components of the photoelectron matrix elements that arise from angular momentum coupling in the molecular photoelectron orbitals. The present results clearly demonstrate that the population seen in the (+) levels arises quite naturally in a correct quantitative description of direct photoionization and that an autoionization mechanism need not be invoked (46) . Examination of the photoelectron matrix element ~u ofEqu ation 13 reveals that the f wave of the 5pn -~ k6 ionization channel makes the www.annualreviews.org/aronline Annual Reviews dominant contribution to the population of these (+) parity levels of the ion. Such behavior is entirely nonatomiclike (45) . Comparison of the ion distributions for the unaligned Ji = 4 level with those for an optically aligned level and with the measured spectra serves to illustrate that, although not large, the effect of alignment can be important. Figure 2 shows the measured and calculated rotationally resolved photoelectron spectra for (2+ l) REMPI of OH via the O1 ~ (11) www.annualreviews.org/aronline Annual Reviews D 2Z-(3pa) (Figures 2a and b ) and 3 2Z-(4sa) (Figures 2c and d) states (27 To illustrate the rich photoionization dynamics of these strong even AN peaks in the spectra, Figure 3 shows the magnitude of the (incoming-wave normalized) partial-wave amplitude ID~-)I as a function of photoelectron kinetic energy for the (a) 3pa ~ ka and (b) 3pa ~ kn channels for photoionization of the 3pa orbital of the D 2Z-Rydberg state of OH. Two Cooper minima, which are due to sign changes in the ~e = 2 components of the photoelectron matrix elements around the minimum in ID~-)I, are clearly seen at a kinetic energy of about 3.0 eV in the ka and k~r channels. The actual sign changes in the matrix elements occur in the principal-value (standing-wave normalized) dipole amplitude e, asshown in theinse ts of Figure 3 Figure 4 shows the (a) measured and (b) calculated ZEKE-PFI photoelectron spectra for single-photon ionization of rotationally cold NO (X 2Hñ , v" = 0) molecules leading to NO + (X ~Z +, v+ = 1) by coherent VUV radiation (48) . The calculated ion rotational distributions assume temperature of 5 K. These spectra were calculated for a photoelectron energy of 50 meV and convoluted with a Gaussian detection function with a full-width at half-maximum (FWHM) of 2 cm-l. In Figure 4b branch is associated with a letter designation that refers only to the change in angular momentum apart from spin. The label 1' denotes the N" -l, J"= 1/2 level. The agreement between these measured and calculated ZEKE spectra is excellent.
Single-Photon Ionization of Linear Molecules (NO and CO)
In Figure 4 , only small changes in total angular momentum are observed (IAJ] ~< 5/2) with branch intensities that fall off rapidly as [AJI increases. The observation of branches with [AJ] ~< 5/2 suggests that the dominant contributions to the photoelectron matrix element at threshold are from ¢ ~< 1. This differs from expectations based on the calculated magnitudes www.annualreviews.org/aronline Annual Reviews Figure 4 The (a) measured and (b) calculated ZEKE-PFI photoelectron spectra for singlehoton ionization of rotationally cold NO (X ~1/~) by coherent VUV radiation.
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www.annualreviews.org/aronline Annual Reviews of these partial wave dipole elements where the d and f components are seen to be substantial (48). Unusually strong s and d waves are also predicted in addition to the p and f partial waves expected in photoionization of the 2~ orbital with its 84% d (fo = 2) character (48) . behavior reflects the significant coupling of angular momentum in the photoelectron continuum due to torques associated with the molecular ion potential. Given that these calculated photoelectron matrix elements yield an accurate representation of the measured threshold photoelectron spectra, one may conclude that photoexcitation into high-f partial waves is not accompanied by observable changes in ion-core angular momentum of comparable magnitude. That such large changes in angular momentum AJ (AN) are not seen in these spectra in spite of the significant magnitudes of the photoelectron matrix element for higher ~ (= 3) is probably due interference between these partial waves in the photoelectron continua.
The effect of such interference on ion rotational distributions has also been seen in (2+ 1) REMPI via thef~II (3pa) and the #~A (3pz) Rydberg states of NH (11) and in (2 + 1) REMPI via the 2qb (3dn) Rydberg state SH (13) .
In Figures 5 and 6 , we show the calculated and measured rotationally resolved ZEKE-PFI photoelectron spectra for photoionization of the In orbital of the X 1~-~+ (/)t, ~---0) state of CO leading to the + =1 level of the .t~ 21"I1/2 and A 2H3/2 ions, respectively, for a temperature of 50 K (49, 50). The calculated spectra assumed a photoelectron kinetic energy of 50 meV and were convoluted with a Gaussian detector function with an FWHM of 2 cm-t. Because these spectra were calculated with the same dynamical matrix elements for both spin-orbit components of the ion, differences in these ion distributions must arise from the spin-orbit interaction, i.e. the projection of total electronic angular momentum on the internuclear axis f~+ in Equation 7 . Agreement between the calculated and measured spectra is quite reasonable. Both calculated and measured spectra show AJ = 1/2 to be the most intense peak and display transitions arising from higher rotational levels.
Parity selection rules of Equation 14 govern angular momentum transfer between the photoelectron and ion core upon ionization. Because the A doublet (elf) of the A 2I-I excited state rotational level is not resolved, it is impossible to assign a specific parity (even or odd Y) to individual rotational transitions. Both parities can contribute to each rotational transition. Since the 1 n orbital has almost pure odd (81% p and 11% f) character (49) , dominant even (s and d) partial wave components would be expected for the photoelectrons on the basis of atomiclike propensity rule. The calculated photoelectron matrix elements show that this is indeed the case for photoionization of the In orbital. Photon Energy (cm -~) www.annualreviews.org/aronline Annual Reviews measured spectra. This behavior is quite common in rotational intensity profiles of PFI spectra for a wide range of systems. Field-induced autoionization has been used to explain such anomalous spectral profiles (22) . This mechanism involves the interaction of high-n Rydberg states (>~ 150) with nearly degenerate low-n Rydberg states converging to higher cation rovibronic ionization threshold. Application of the pulsed electric field lowers the ionization potential by an amount equal to the Stark shift and allows the low-n Rydberg states to autoionize (18, 22, (51) (52) (53) (54) . Figure 7a shows the rotationally resolved ZEKE-PFI spectrum of HzO for single-photon ionization of the 1 b~ orbital by coherent VUV radiation (55) . This spectrum can be assigned to two types of rotational transitions, corresponding to specific changes in Ko and Kc. Most of the strong spectral www.annualreviews.org/aronline Annual Reviews lines could be classified as type c rotational transitions (AKa = odd, AKc = even), but type a transitions (AKa = even, AKc = odd) are also clearly evident. Figure 7b shows the calculated ion rotational distributions (56, 57) for photoionization of the lbl orbital of the ¯ ~A1 (000) ground state of jet-cooled H20 leading to the )~2B~ (000) ground state of the ion. A photoelectron kinetic energy of 50 meV and a rotational temperature of 15 K are assumed in these calculations. Furthermore, we assume that there is no spin exchange during the jet-cooled expansion of room-temperature water. The calculated spectrum is convoluted with a Gaussian detection function with an FWHM of 1.5 cm -~. Agreement between the calculated and measured spectra is clearly encouraging, except for the 000 -~ 212 transition for which the calculated intensity is somewhat stronger than its measured value.
Single-Photon Ionization of Nonlinear Molecules (H20, H2CO, and CH3)
The underlying dynamics of these photoelectron spectra is quite rich. Here we assume that the molecular z axis coincides with the C2 symmetry axis and that the x axis lies in the plane of the molecule (ion). The molecular x, y, and z axes hence coincide with the a, c, and b axes, respectively. . These p waves of the kaã nd kb~ continua are entirely molecular in origin, since the almost pure p (99.7%) character of the lbl orbital would lead only to s and d (even) photoelectron continua in an atomiclike picture. The strong type c transitions in these spectra arise from s and d (even) wave components the photoelectron matrix elements. The ka2 continuum makes almost no contribution to these type a transitions, owing to the negligible f (odd) wave. In a recent study using multichannel quantum defect theory (MQDT), Child & Jungen (30) predicted that only type c transitions allowed for photoionization of the lbl orbital of ground state water. Gilbert & Child (58) further proposed a rotational autoionization mechanism, based on polarization-induced quasiautoionizing state-mixing between the Ib~ --, nd and lb~ ~ np Rydberg series, in an effort to account for these type a transitions. In contrast, the above analysis (56, 57) shows that these type a transitions arise quite naturally in a correct quantitative www.annualreviews.org/aronline Annual Reviews description of the direct molecular photoionization process itself and a polarization-induced autoionization mechanism need not be invoked. Figure 8 shows the (a) measured and (b) calculated rotationally resolved ZEKE-PFI spectra of H2CO for single-photon ionization of the nonbonding 2b2 orbital by coherent VUV radiation (43) . The calculated spectrum assumes a rotational temperature of 7 K and a photoelectron kinetic energy of 50 meV and is convoluted with a Gaussian detection function with an FWHM of 1.8 cm-1. Furthermore, we assume that no spin exchange occurs during the jet-cooled expansion of room-temperature formaldehyde, i.e. a population ratio of 2:1 for the ortho (B symmetry) para (A symmetry) species. The agreement between calculated and measured spectra is very encouraging. www.annualreviews.org/aronline Annual Reviews
In our calculations we assume that the molecular z axis coincides with the C2 symmetry axis and that the x axis lies in the plane of the formaldehyde molecule (ion). The molecular x, y, and z axes hence coincide with the b, c, and a axes, respectively. For photoionization of the 2b2 orbital of H2CO, from Equation 24 whereas the type c transitions arise from even angular momentum components of these matrix elements.
In Figure 8b , we label several of the more important transitions out of rotational levels of the ground state of the neutral species leading to different rotational levels of the ion. The quantum numbers used as labels are NKoKc-Note that in this figure we use the same set of quantum numbers to designate type c transitions out of the 111 level and type b transitions out of the 1 ~0 level, since the energies of these transitions are essentially equal. A similar labeling is also adopted for transitions out of the 2~ and 2~2 rotational levels. Because the moments of inertia Ib and It. are almost the same for HzCO (H2CO+), the rotationally resolved ZEKE-PFI spectra are very congested. Unlike the spectra for H20 , type b transitions, which arise from odd waves, cannot be distinguished from type c transitions, which arise from even waves. Figure 9 shows the calculated threshold photoelectron spectra for the individual type c (Figure 9a ) and type b (Figure 9b ) transitions of Figure  8 for single-photon ionization of the 2b2 orbital of the ground state of HzCO. Furthermore, our calculated spectra show a total intensity for type b transitions about twice as large as that for type e transitions. This large intensity of the type c transitions cannot be accounted for on the basis of atomiclike propensity rules because the 2b~ orbital of formaldehyde has 4.8% p, 80.0% d, 3.7% f, 9.1% g (g0 = 4), and 1.5% h (g0 = 5) character. The strong even-wave character of the 2b~ orbital would be expected to lead to dominant odd partial wave contributions to the photoelectron matrix elements and, hence, to dominant type b transitions. This unexpected contribution from even partial waves of the photoelectron matrix element is quite molecular in origin and arises from strong g-mixing caused www.annualreviews.org/aronline Annual Reviews by the nonspherical molecular ion potentials. Such comparisons between measured and calculated spectra can be helpful in unravelling severely congested photoelectron spectra. Figure 10 shows the (a) measured (59) and (b) calculated rotationally resolved ZEKE-PFI spectra of CH3 (J~ 2A~) for single-photon ionization of the 1 a~ orbital by coherent VUV radiation leading to the A 7 1A'~ ground state of the ion (43) . The calculated spectrum assumes a rotational temperature of 250 K and a photoelectron kinetic energy of 50 meV and is convoluted with a Gaussian detection function with an FWHM of 2.5 cm -1. CH3 and CH~-are oblate symmetric tops, belonging to the D3,~ point www.annualreviews.org/aronline Annual Reviews proup. For the D3h group, the total wave function of CH 3 should have either A~ or A~ symmetry in order to obey the Pauli principle. The wave functions for ortho and para species have A] (I = 3/2) and E' (I = 1/2) www.annualreviews.org/aronline Annual Reviews symmetries, respectively. Because Fspin ~) Fro t ~ Ftotal, the rotational wave function must have A'2, A~, E', or E" symmetry. Therefore, the rotational levels belonging to A'~ and A'( symmetries are not initially populated, i.e. levels with J = even, K = 0, and the AI (K = 3n) level of the ,41-A2 pair are forbidden. Due to the spin statistical weight of 4: 2 between ortho and para species, the K = 3n levels (A~ or A~) have a statistical weight twice that of the K = 3n + 1 levels (E' or E").
Agreement between the calculated and measured spectra is very encouraging in spite of some discrepancies that arise from rotational autoionization at negative AN transitions (22) . Our calculations reveal that AK = are the dominant transitions (up to 95%) and that AK = ___ 2 (not labeled) transitions are much weaker. Even though the AK = odd transitions are also dipole allowed, their intensities are very weak and they do not appear in the spectrum. Note that AK = odd transitions are associated with # + 2 = odd partial waves of the photoelectron, which, in turn, must originate from thef(¢0 = 3) component of the la~ orbital of the ground state. Because the 1 a~ orbital is essentially an out-of-plane 2p orbital localized on the central carbon atom, its f wave is negligible. This leads to a AK = even selection rule.
N2 and CO Ion Distributions at High Photoelectron Energies
In Figure 11 , we show the measured and calculated ion rotational distributions of N~ (B 2Z~+) and + (B2Z+ ) res ulting fro m single-photon ionization of the 2au and 4~r orbitals of the ground state of N 2 and CO, respectively (20, 60) . The calculated spectra for N2 and CO assumed temperatures of 14 and 18 K, respectively. The measured spectra were extracted from the N2 + (B 2~-,~u + ~ X" 2~-~g+) and CO + (B 2Z+ --~ X 2~-~+) fluorescence spectra (20) . For N2, data were generated over the range 20 ~< hvexc <~ 220 eV, but with its lower signal intensities, results were only obtained from 23 ~< hvexc <~ 145 eV for CO.
For N2, as the energy increases, population is transfered from low N ÷ levels to higher ones, owing to the increasing propensities for larger AN transitions. For the weakly populated N ÷ = 5 level, the relative populations increase by more than a factor of four over the energy range of Figure 11 , while the N ÷ = 1 population falls by a factor of two. In contrast to the N2 results, these CO + distributions show essentially no dependence on energy. This difference in the ion rotational distributions for these two isoelectronic systems over such a broad energy range is quite unexpected. However, agreement between the calculated and measured spectra is generally excellent.
To gain insight into the underlying dynamical behavior of these ion www.annualreviews.org/aronline Annual Reviews distributions, we examine the dependence of the angular momentum composition of the photoelectron matrix elements on kinetic energy (61) . Analysis of the photoelectron matrix elements for photoionization of the 2au orbital of N2 reveals that Cooper minima occur in the d (~ = 2) wave at Ek ~ 120 eV (hvexc ~ 140 eV) and in the # (~ = 4) wave at Ek ,~ 80 (hvcx c ,~ 100 eV) of the ktrg electronic continuum (61) . The formation these Cooper minima depletes the d and t7 waves and subsequently enhances the s (~e = 0) wave of the ktrg channel, resulting in smaller (AN) transitions. Furthermore, the magnitude of the g wave in the ktrã nd kn~ continua is comparable to those of the s and d waves at larger kinetic energies (>~ 150 eV). This behavior reflects the coupling.of angular momentum in the photoelectron matrix elements due to torques associated with nonspherical molecular ion potential and cannot be explained on the basis of an atomiclike propensity rule for photoionization of this 2tr, orbital with almost pure p (90.7%) character. These higher ~ components www.annualreviews.org/aronline Annual Reviews 302 WANG & McKOY of photoelectrons, in turn, lead to larger AN transitions. This change from smaller to larger AN transitions due to the Cooper minima, and the contributions of the higher ~e waves provides an explanation of the trend observed in photoion rotational distributions of Figure 11 for N2.
The behavior of photoelectron matrix elements for photoionization of the 4a orbital of the ground state of CO differs significantly from that of N 2. There is an f-wave shape resonance peaking at Ek ~ 19 eV in the ktr continuum and a broad enhancement of the fn wave peaking at Ek ~ 30 eV (61) . This large ~ --3 contribution to the photoelectron matrix elements results in larger AN transitions at the lower end of the energy range than expected, while other higher partial waves sustain this trend at higher energies. Thus, the f-wave shape resonance in the ktr and the enhancement of thefwave in the krc channel are responsible for the flat behavior seen in the CO + rotational distributions of Figure 11 . These f-wave enhancements are molecular in origin because the 4tr orbital of CO, with its 14.6% s, 62.3% p, 15.7% d, 3.1%f, and 2.7% 9 (g0 = 4) character, is expected lead to dominant s and d waves on the basis of atomiclike propensity rules.
CONCLUSION
In this article we have reviewed the results of theoretical studies of rotationally resolved photoelectron spectra for several diatomic molecules and for the small polyatomic molecules H20, HECO, and CH 3. These results and their comparison with measured spectra serve to illustrate both the rich dynamical content of rotationally resolved photoelectron spectra and the effectiveness of a strong interplay between theory and experiment in analysis of such spectra. With the recent development of ZEKE photoelectron spectroscopy, based on PFI of very high Rydberg levels, it is now possible to achieve subwavenumber resolution in molecular photoelectron spectra. Although these ZEKE techniques are limited to measurements of threshold photoionization cross sections, a wide range of molecular ions can be studied. Also, with its broad spectral range, dispersed fluorescence measurements are highly suitable for survey studies that can characterize molecular photoionization dynamics. The present studies indicate that theoretical and computational methods are capable of providing a robust description of key features in such state-resolved spectra.
